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DECLARATION OF DR. MARIO MAUTINO 

I, Mario Mautino, hereby declare that: 

1 . I am the Vice-President of Drug Discovery at NewLink Genetics, located in 
Ames, Iowa. NewLink is the exclusive licensee of the subject supplication. I hold a Ph.D. in 
Biological Chemistry and Molecular Genetics, received from the National University of 
Cordoba, Argentina in 1992. I have worked as a laboratory scientist in the fields of Molecular 
Genetics, Gene Therapy, Genomics, Immunology and Pharmacology, for a combined period of 
17 years. I have published 22 peer reviewed journal articles and am a co-inventor in 6 patent 
applications, 3 of which are directed to novel inhibitors of indoleamine-2,3-dioxygenase (IDO). 
I have been involved in the discoveiy and testing of IDO inhibitors for the past 3.5 years 
leading all aspects of drug discovery and development in this area. I am familiar with scientific 
progress and various developments in the field of IDO-mediated immunoregulation. Therefore, 
I can be considered an expert in the field inhibitors of IDO. 

2. I have read and am familiar with the contents of the Office Action mailed on June 
12, 2009, for the application 10/780,150. I understand that the Examiner has rejected claims 2, 
98-101, 103, 105-106, 108, 124-127, 129, and 131-132 under 35 U.S.C. § 112, first 
paragraph, as being not enabled by the specification. The purpose of this Declaration is to 
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provide factual evidence that administering compositions consisting essentially of 1-D- 
methyl-tryptophan (D-1MT) is effective in delaying the relapse or progression of a tumor in a 
subject when administered alone, without additional chemotherapeutic agents. 

3. Attached as Exhibits A are graphs presenting data, which demonstrate the anti- 
cancer effects of the administration of D-1MT in a treatment regimen against lung cancer. 
Attached as Exhibit B is a paper by Hou, et ah, (2007) "Inhibition of Indoleamine-2,3- 
Dioxygenase in Dendritic Cells by Stereoisomers of 1-Methyl-Tryptophan Correlates with 
Anti-tumor Response," Cancer Res. 67(2):792-801. ("Hou") 

4. The data presented in Exhibit A was obtained as follows. B16B1/16 mice were 
injected with 3x1 0 5 LLC lung tumor cells subcutaneously (SC) on day 1 . On day 5, 

400 mg/kg of D-1MT was administered perorally (PO) twice daily (BID) Monday through 
Friday for 3 weekly cycles. Survival of the mice was monitored throughout the experiment 
and plotted in the survival curve of Exhibit A. Additionally, tumor volume was measured 
every other day for the duration of the experiment. As shown by the data in Exhibit A, the 
administration of D-1MT effectively prolonged survival in mice as compared with control 
treated mice (page 1). Furthermore, treatment with compositions consisting essentially of D- 
1MT also significantly reduced tumor volume compared to control treated mice (pages 2 and 
3). From these data, I conclude that administration of D-1MT, by itself, is effective in 
prolonging survival and decreasing tumor volume in a lung cancer model. 

5. I have read and understand the article by Hou, et al., attached hereto as Exhibit B. 
The inventors of the present application are co-authors of the Hou article. The data presented 
in Hou, specifically that of Figure 5C, clearly shows that D-1MT is effective, without the 
addition of a chemotherapeutic agent, to decrease the tumor size of a melanoma tumor. In the 
experiment depicted in this figure, mice were injected with 1 x 10 6 B78H10-GM-CSF tumor 
cells. It is my understanding that this cell line was derived from the B16F10 melanoma 
tumor cell line and has been altered to transgenically express GM-CSF, thereby rendering the 
resulting tumors more immunogenic. On the other hand, this cell line induces ~ 10-fold 
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higher number of immunosuppressive IDO+ dendritic cells in the tumor draining lymph 
nodes. Mice injected with these tumor cells were subsequently treated beginning on day 7, 
with timed release subcutaneous pellets of D-1MT at a dose of 5 mg/day. It is my 
understanding that this dose is 4 times less than that of the racemic DL-1MT given in 
previous experiments, for example depicted in Figure 1 of Hou. Figure 5C clearly shows that 
mice treated with D-1MT alone, had significantly smaller tumors compared with vehicle 
treated controls. I understand this data to indicate that D-1MT alone, without an additional 
chemotherapeutic is effective in reducing tumor volume in this melanoma tumor model. 

6. I hereby declare that all statements made herein of my own knowledge are true, 
and that all statements made based on information and belief are believed to be true; and 
further that these statements are made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 
18 of the United States Code, and that such willful statements may jeopardize the validity of 
the above-referenced application or any patent issued therefrom. 



Date 
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Data that shows that DlmT has a beneficial antitumor effect in the 
abscense of chemotherapy. 



Host mice: 
Tumor cell line: 
Innoculating dose: 
Drug Administration: 



Groups: 



B16BI/6 
LLC (Lung) 
300000 cells 

Starting at day 5 post tumor innoculation, mice received DlmT , at 400 mg/kg, 
twice a day, via oral gavage, for 3 weekly cycles consisting of 5 days of 
treatment and 2 days of rest. 
10 mice per group 
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Statistical analysis performed by Log-Rank test 



Analysis of differences in tumor volume 

Tumor Volume 
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Statistical analysis was performed by a one-tailed t-Test 



Tumor Growth Curves 



LLC Tumor 
Growth Curve 

5000-, 




Statistical analysis was performed by non-linear regression analysis, by fitting the data to an exponential 
growth model, and then statistically comparing whether the calculated parameters were different 
between them, using an sum of squares F-test (as recommended by GraphPad Prism 5). 
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Inhibition of Indoleamine 2,3-Dioxygenase in Dendritic Cells by 
Stereoisomers of 1-Methyl-Tryptophan Correlates 
with Antitumor Responses 

De-Yan Hou,' 2 Alexander J. Muller, 5 Madhav D. Sharma,' 2 James DuHadaway, 5 Tinku Banerjee, 6 
Maribeth Johnson, 4 Andrew L. Mellor,' 3 George C. Prendergast, 57 and David H. Munn 2 
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Abstract 

Indoleamine 2,3-dioxygenase (IDO) is an immunosuppressive 
enzyme that contributes to tolerance in a number of biological 
settings. In cancer, IDO activity may help promote acquired 
tolerance to tumor antigens. The IDO inhibitor 1-methyl- 
tryptophan is being developed for clinical trials. However, 
1-methyl-tryptophan exists in two stereoisomers with poten- 
tially different biological properties, and it has been unclear 
which isomer might be preferable for initial development. In 
this study, we provide evidence that the d and l stereoisomers 
exhibit important cell type-specific variations in activity. The 
l isomer was the more potent inhibitor of IDO activity using 
the purified enzyme and in HeLa cell-based assays. However, 
the d isomer was significantly more effective in reversing the 
suppression of T cells created by IDO-expressing dendritic 
cells, using both human monocyte-derived dendritic cells and 
murine dendritic cells isolated directly from tumor-draining 
lymph nodes. In vivo, the d isomer was more efficacious as 
an anticancer agent in chemo-immunotherapy regimens using 
cyclophosphamide, paclitaxel, or gemcitabine, when tested 
in mouse models of transplantable melanoma and transplant- 
able and autochthonous breast cancer. The D isomer of 
1-methyl-tryptophan specifically targeted the IDO gene 
because the antitumor effect of d- 1-methyl-tryptophan was 
completely lost in mice with a disruption of the IDO gene 
(IDO-knockout mice). Taken together, our findings support 
the suitability of D-l-methyl-tryptophan for human trials 
aiming to assess the utility of IDO inhibition to block host- 
mediated immunosuppression and enhance antitumor immu- 
nity in the setting of combined chemo-immunotherapy 
regimens. [Cancer Res 2007;67(2):792-801] 

Introduction 

The immunoregulatory enzyme indoleamine 2,3-dioxygenase 
(IDO) has been implicated as an immunosuppressive and 
tolerogenic mechanism contributing to maternal tolerance toward 
the allogeneic fetus (1), regulation of autoimmune disorders (2-5), 
and suppression of transplant rejection (6, 7). IDO can also be 



Note: Supplementary data for this article are available at Cancer Research Online 
(http://cancerres.aacrjournals.org/). 
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expressed by cancer cells in a variety of human malignancies (8, 9). 
In murine models, transfection of immunogenic tumor cell lines 
with recombinant IDO renders them immunosuppressive and 
lethally progressive in vivo, even in the face of otherwise protective 
T-cell immunity (8). In humans, expression of IDO by ovarian and 
colorectal cancer cells has been found to be a significant predictor 
of poor prognosis (9, 10). 

IDO can also be expressed by host antigen-presenting cells 
(APC). APCs with the potential to express IDO include human 
monocyte-derived macrophages (11), human monocyte-derived 
dendritic cells cultured under specific conditions (12-19), and 
certain subsets of murine dendritic cells (20-25), In murine tumor 
models, IDO + dendritic cells displaying a plasmacytoid phenotype 
(CDllc + B220 + ) have been found at increased levels in tumor- 
draining lymph nodes (22). These have been shown to suppress 
T-cell responses in vitro and create antigen-specific T-cell anergy 
in vivo (22, 25). In humans, ID0 + cells of host origin have been 
shown in draining lymph nodes of patients with melanoma, breast 
cancer, and other tumors (13, 22, 26, 27). In patients with malignant 
melanoma, the presence of these IDO-expressing cells in sentinel 
lymph node biopsies was correlated with significantly worse 
clinical outcome (22, 28). Thus, expression of IDO, either by host 
cells or by tumor cells, seems associated with poor outcome in a 
number of clinical settings. 

These findings have prompted interest in development of IDO 
inhibitor drugs for cancer immunotherapy (29). The most widely 
studied of these has been 1-methyl-tryptophan (30-32). Recently, it 
was shown that 1-methyl-tryptophan displays marked synergy with 
a number of clinically relevant chemotherapeutic agents when used 
in combined chemo-immunotherapy regimens (33). In that study, 
the combination of 1-methyl-tryptophan with cyclophosphamide, 
cisplatin, doxorubicin, or paclitaxel was able to cause regression 
of established tumors in a demanding model of autochthonous 
HER-2/nea -induced murine breast cancers (33). From a clinical 
standpoint, combining an immunomodulatory agent, such as 
1-methyl-tryptophan, with conventional chemotherapy drugs 
represents an attractive strategy, and a sound mechanistic rationale 
supporting such chemo-immunotherapy approaches is now being 
elucidated (34-36). 

However, a key unanswered question regarding 1-methyl- 
tryptophan has been which of the two available stereoisomers 
(d and l) should be developed initially for clinical trials. The two 
isomers differ significantly in their effects on the recombinant IDO 
enzyme in vitro (37), and they could potentially have different 
biological effects, bioavailability, and off-target toxicities. Most of 
the studies in the literature have employed the racemic (dl) 
mixture of 1-methyl-tryptophan comprising both isomers, thus 
leaving unanswered the question of which stereoisomer would be 
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best suited for use in chemo-immunotherapy regimens. The goal 
of the present study was to compare the biological activity of the 
d and l isomers of 1-methyl-tryptophan in vitro and in vivo, to ask 
whether their pattern of efficacy in vitro correlated with their 
observed antitumor effect in vivo. 

Materials and Methods 

Additional methods available online. Detailed description of mice, 
published methods, and statistical analyses are available online at http:// 
cancerres.aacrjournaIs.org/. 

Reagents. 1-Methyl-D-tryptophan (45,248-3), 1-methyl-L-tryptophan 
(44,743-9), and 1-methyl-DL-tryptophan (86,064-6) were obtained from 
Sigma-Aldrich (St Louis, MO). For in vitro use, these were prepared as a 
20 mmoI/L stock in 0.1 N NaOH, adjusted to pH 7.4, and stored at -20°C 
protected from light. 

Autochthonous breast cancer model. Multiparous female MMTV-Afeu 
mice, maintained as described (33), have a high incidence of autochthonous 
mammary gland carcinomas. Tumor-bearing mice were enrolled randomly 
into experimental groups when tumors reached 0.5 to 1.0 cm in diameter. 
Tumor volume was measured at the beginning and end of the 2-week 

B16F10 and 4T1 tumor models. B16F10 melanoma (American Type 
Culture Collection, Manassas, VA) were established in B6 mice by s.c. 
injection of 5 x 10 4 cultured cells. B78H1-GM-CSF (38), gift of H. Levitsky, 
(Johns Hopkins University, Baltimore, MD) was implanted by s.c. injection 
of 1 x 10 6 cells. Orthogonal diameters were measured, and the x y product 
(tumor area) was reported. The use of the orthotopically implanted 4T1 
breast cancer line (39) has been described in detail (40). Tumors were 
implanted by injection of 1 x 10 4 cells in 50 uL volume into the mammary 
fat pad of 6- to 10-week-old BALB/c females. In some experiments, 
luciferase-transfected 4T1 cells (4T1-Iuc) were used for bioluminescence 
imaging, as described in the Supplementary Material. 

Administration of 1-methyl-tryptophan and chemotherapeutic 
agents. Detailed protocols for administration of 1-methyl-tryptophan, 
orally and by s.c. pellets, in conjunction with chemotherapy, are given in the 
Supplementary Material. 

Human and mouse mixed lymphocyte reactions. Human and murine 
allogeneic mixed lymphocyte reactions (allo-MLR) were done as detailed in 
the Supplementary Material and have been previously described (14, 22). 

Western blots. Western blots were done using affinity-purified 
polyclonal rabbit antibody against peptides from the NH 2 -terminal and 
COOH-terminal portion of human IDO, as previously described (13) and as 
specified in detail in the Supplementary Material. 

Results 

Cooperativity effect of s.c. DL-l-methyl-tryptophan with 
chemotherapy or radiation in B16F10 melanoma. We first 
evaluated the racemic dl mixture of 1-methyl-tryptophan as a 
component of chemo-immunotherapy using three tumor models: 
a stringent established (day 7) B16F10 melanoma, orthotopically 
implanted 4T1 breast carcinoma, and autochthonous breast tumors 
arising in HER-2/rae«-transgenic mice. Figure IA shows established 
B16F10 tumors treated with DL-l-methyl-tryptophan (20 mg/d by 
14-day s.c. copolymer pellet; ref. 1), with or without a single injec- 
tion of cyclophosphamide (150 mg/kg). DL-l-methyl-tryptophan 
alone had no effect on tumor growth, and cyclophosphamide alone 
induced only a transient growth delay. However, the combination 
of DL-l-methyl-tryptophan + cyclophosphamide resulted in a 
sustained growth delay and prolonged survival. In all experiments, 
the end of the study period was defined as the time when all of 
the mice in the vehicle-only group reached their ethical surrogate 
end point (tumor area >300 mm 2 ). At the point when all mice in 
the control group had reached this end point, all mice in the 



Figure 1. Effect of parenteral DL-1-methyl-tryptophan (DL-1MT) in B16F10 
tumors. A, B16F10 tumors were implanted in syngeneic C57BL/6 mice. 
Beginning on day 7, mice were treated as shown with timed release s.c. pellets of 
DL-1-methyl-tryptophan (20 mg/d) plus cyclophosphamide (CY; 150 mg/kg i.p. x 
1 dose). Three identical experiments were done (a representative example is 
shown), and the pooled results were analyzed in a three-experiment x 2 group 
ANOVA. *, P < 0.05. B, identical experimental design showing that the effect of 
OL-1-methyl-tryptophan was lost when hosts were immunodeficient Rag1-KO. 
Groups were not significantly different by ANOVA. C, similar experimental 
design, except that 500 cGy of whole-body cesium-137 irradiation replaced the 
cyclophosphamide. One of four similar experiments. *, P < 0.05, ANOVA. 
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dl-1 -methyl- tryptophan + cyclophosphamide group were still 
surviving. Figure 15 shows that the effect of dl-1 -methyl- tryptophan 
was lost in immunodeficient Ragl-knockout (Ragl-KO) hosts, 
indicating that the antitumor effect of DL-l-methyl-tryptophan 
was entirely immune mediated. 

Whole-body irradiation has many of the same effects as chemo- 
therapy when combined with antitumor immunotherapy (41). We 
tested DL-l-methyl-tryptophan in combination with 500 cGy whole- 
body irradiation (Fig. 1C). In these experiments, there was consi- 
derable variability in the effect of the radiation component alone on 



tumor growth, but in all experiments, the effect of DL-l-methyl- 
tryptophan plus radiation was superior to radiation alone. 

Cooperativity between oral DL-l-methyl-tryptophan and 
cyclophosphamide in treating 4T1 breast carcinoma isografts. 

We next asked whether DL-l-methyl-tryptophan showed efficacy 
via the oral route. For these studies, we tested chemo-immuno- 
therapy of the poorly immunogenic 4T1 breast tumor model, 
implanted orthotopically in mammary tissue of syngeneic hosts. 
Because orthotopic 4T1 tumors are highly invasive and their 
margins are difficult to measure conventionally, we followed the 
tumor size using luciferase-transfected 4T1 (4Tl-luc) tumors 
imaged following luciferin challenge. Oral DL-l-methyl-tryptophan 
was given by gavage twice daily, five times a week, combined with a 
weekly single i.p. dose of cyclophosphamide, beginning at the time 
of tumor implantation. As shown in representative scans in Fig. 1A, 
cyclophosphamide alone produced a modest reduction in tumor 
size, but the combination of cyclophosphamide + DL-l-methyl- 
tryptophan produced a marked decrease in tumor size (survival 
studies in this model are presented below). 

Oral administration of DL-l-methyl-tryptophan in combina- 
tion with paclitaxel can elicit regression of autochthonous 
breast tumors. We next tested the efficacy of varying durations of 
oral DL-l-methyl-tryptophan in combination with paclitaxel for the 
treatment of autochthonous tumors arising in MMTV-Neu mice 
(33). Mice with tumors were randomly assigned to treatment with 
paclitaxel for 2 weeks, with or without addition of 2 to 5 days 
of oral DL-l-methyl-tryptophan during the first week, as indicated 
in Fig. 25. Paclitaxel alone caused a minor reduction in the rate of 
tumor growth, but tumors continued to increase in size during the 
study period despite paclitaxel. The addition of oral DL-l-methyl- 
tryptophan produced a progressive reduction in the rate of tumor 
growth with increasing duration of 1-methyl-tryptophan, such that 
treatment with 4 and 5 days of DL-l-methyl-tryptophan reversed 
tumor growth, and caused regression of the established tumors 
during the treatment period. Five days of administration via the 
oral route was at least as effective as parenteral delivery of the drug 
at a comparable daily dose, using implantable s.c. pellet (the last 
treatment group and the route reported in our previous study; 
ref. 33). 

In vitro comparison of d versus l isomers of 1-methyl- 
tryptophan. We next used in vitro models to compare the different 
isomers of 1-methyl-tryptophan for their biological effects, using 
two readouts: (a) activity of the IDO enzyme measured as 



Figure 2. Oral dl-1 -methyl-tryptophan in orthotopic 4T1 and autochthonous 
MMTV-Neu tumors. A, orthotopic tumor isografts were established in the 
mammary fat pad. Treatment was initiated concurrent with tumor 
challenge, using cyclophosphamide i.p. at 100 mg/kg, once a week and 
dl-1 -methyl-tryptophan oral gavage at 400 mg/kg per dose, twice daily, five times 
a week. Bioluminescence imaging of 4T1 tumor cell line transfected with 
luciferase, showing the effect of each treatment on tumor burden. Treatment 
received by each mouse is indicated. Images were produced at 4 wks following 
the initiation of treatment. B, MMTV-Weu mice bearing 0.5 to 1 .0 cm 
spontaneous tumors were treated for 2 wks with either vehicle alone, paclitaxel 
alone (13.3 mg/kg i.v. q. M/W/F), or paclitaxel plus oral DL-1-methyl-tryptophan 
(400 mg/kg i.v. twice daily, given for up to 5 d during the first week, as indicated 
in the legend). Paclitaxel was given i.v. at over the 2-wk treatment period. The 
last group received s.c. pellets of 1 -methyl-tryptophan, as in Fig. 1 . Fold changes 
in individual tumor volumes over the 2-wk period are plotted for each group. 
Points, mean fold change for each group (also listed in the box below the graph); 
bars, SE. *, fully regressed tumors are included in the calculation of the mean 
and SE. For the statistical analyses (arrows), the two comparisons of interest 
were vehicle alone versus paclitaxel alone and paclitaxel alone versus 
paclitaxel + d-1 -methyl-tryptophan x 5 d. Significance was determined at 
P < 0.025 using a two-group Wilcoxon exact test. 
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Figure 3. Effect of different isomers on 
in vitro enzyme assays and T-cell 
proliferation. A, enzyme kinetics, measured 
as kynurenine (KYN) production in cell-free 
assay, for purified recombinant human IDO, 
showing the effect of the l, dl, and d forms 
of 1-methyl-tryptophan in the presence of 
varying concentrations of L-tryptophan 
substrate. S, intracellular IDO enzyme 
activity (measured as kynurenine 
production in culture supernatants) by 
IFN-y-activated HeLa cells, showing 
inhibition by different isomers of 
1-methyl-tryptophan. % Inhibition of 
maximal kynurenine production; lines 
show interpolated EC 50 for each isomer. 
C, intracellular IDO activity (kynurenine 
production in MLR supernatants) by human 
monocyte-derived dendritic cells (DC) 
activated in allo-MLRs; lines show EC 50 - 
Combined average of three experiments 
using three different donors. D, effect of 
1-methyl-tryptophan isomers on T-cell 
proliferative responses. Proliferation was 
measured by thymidine incorporation in 
allo-MLRs using either human T cells 
stimulated by IDO-expressing human 
monocyte-derived dendritic cells (1 of 10 
experiments, using a variety of different 
donor combinations), or mouse T cells 
stimulated by IDO-expressing plasmacytoid 
dendritic cells from tumor-draining lymph 
nodes, as described in Materials and 
Methods (one of three experiments). 
As controls, purified human T cells without 
dendritic ceils were activated with 
immobilized anti-CD3 + anti-CD28 
antibodies (one of three experiments). 




production of kynurenine from tryptophan and (&) a biological 
readout measured as the ability to prevent the suppression of T-cell 
proliferation caused by IDO-expressing dendritic cells. 

Figure 3A shows enzyme kinetics (kynurenine production) using 
recombinant human IDO enzyme in a cell-free assay system. Using 
the recombinant enzyme, the L isomer of 1-methyl-tryptophan 
functioned as a competitive inhibitor (K-, = 19 umol/L), whereas 
the d isomer was much less effective (no found at 1-methyl- 
tryptophan concentrations up to 100 umol/L). The dl mixture was 
intermediate, with a K s of 35 umol/L. These values are consistent 
with the published literature for studies using cell-free enzyme 
assays for IDO (37). 

We next tested the different isomers in a biological assay, based 
on the intracellular IDO enzyme expressed by living cells (in this 
case, HeLa cells activated with IFN-y; Fig. 35). Kynurenine 
production by HeLa cells showed a pattern of inhibition similar 
to that of the cell-free recombinant enzyme, with l- 1-methyl- 



tryptophan being more effective than D-l-methyl-tryptophan. In 
other studies (data not shown), similar results were obtained using 
the murine MC57 tumor cell line transfected with recombinant 
mouse IDO and also the simian COS cell line transfected with 
human IDO: in each of these transfected cell lines, L- 1-methyl- 
tryptophan was superior to D-l-methyl-tryptophan at inhibiting 
kynurenine production. 

In contrast to the behavior of cell lines, when primary human 
monocyte-derived dendritic cells were used as the IDO-expressing 
cells (Fig. 3C), the d isomer of 1-methyl-tryptophan was found to be 
at least as effective as the l isomer in its ability to inhibit IDO 
activity (measured as kynurenine production in culture super- 
natants). In these assays, dendritic cells were activated physiolog- 
ically by exposure to T cells in allo-MLRs, rather than with 
recombinant IFN-y, because we have previously shown that IFN7 
alone is not sufficient to activate functional IDO in dendritic cells 
prepared by this protocol (13, 14). 
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In addition to kynurenine production, we and others have shown 
that IDO suppresses proliferation of T cells responding to antigens 
presented by IDO + dendritic cells (13, 14, 22). Figure 3D shows a 
comparison of the different 1-methyl-tryptophan isomers on 
human T-cell proliferation in allo-MLRs stimulated by IDO + 
monocyte-derived dendritic cells (similar to the MLRs shown in 
Fig. 3C, but using T-cell proliferation as the readout). Using this 
readout, the d isomer was found to be reproducibly superior to 
either the L isomer or the dl mixture, typically eliciting a 2- to 
3-fold greater maximum level of T-cell proliferation. A similar 
pattern was seen using murine T cells (Fig. 3-D). For mice, allo- 
MLRs were done using IDO* dendritic cells isolated directly from 
murine tumor-draining lymph nodes, as previously described (22). 
These tumor-activated dendritic cells were used to present a 
constitutive allo-antigen to BM3 TCR-transgenic T cells (specific 
for the H2K b antigen expressed by the C57BL/6 dendritic cells). In 
this model, just as in the human system, the D isomer of 1-methyl- 
tryptophan was superior in supporting activation and proliferation 
of T cells, compared with either the l or dl forms. 

To test for nonspecific (off-target) effects of 1-methyl-tryptophan 
on the T cells themselves, control experiments were done using 
purified human T cells stimulated by immobilized anti-CD3 + anti- 
CD28 antibodies (i.e., without any dendritic cells present to express 
IDO). Under these conditions, none of the 1-methyl-tryptophan 
preparations had any detectable effect on T-cell proliferation 
(Fig. 3D). Additional studies (shown in Supplementary Fig. SI) were 
done further evaluating the d isomer, using MLRs stimulated by 
dendritic cells derived from mice with a targeted disruption of the 
IDO gene (IDO-KO mice). MLRs using IDO-KO dendritic cells 
showed that the effects of the d isomer were completely lost when 
the stimulating dendritic cells lacked IDO. Thus, the D isomer of 
1-methyl-tryptophan exerted its effects in MLR specifically by tar- 
geting the IDO gene expressed by the dendritic cells, not through 
an off-target effect. 

Western blots suggest the possible existence of more than 
one isoform of IDO. The cell type-specific effects of the different 
isomers of 1-methyl-tryptophan prompted us to ask whether there 
might be more than one form of IDO expressed in different cells. 
Published databases suggested potential alternate splicing isoforms 
of human IDO differing primarily in the COOH-terminal portion of 
the molecule. 8 Therefore, we generated polyclonal antibodies 
against peptide sequences in the NH 2 -terminal and COOH-terminal 
portions of the IDO molecule for use in Western blots, as described 
in the Supplementary Material. 

Figure 4A shows Western blots using the two different 
antibodies. Samples were prepared from human monocyte-derived 
macrophages, as a known source of IFN-y-inducible IDO (11). As 
shown in Fig. 4A, the NH 2 -terminal antibody detected a band of 
~44 kDa, which was present both before and after IFNy 
stimulation, and which showed little apparent change with IFNy. 
In contrast, the COOH-terminal antibody detected an antigen of 
~ 42 kDa, which was only visible after IFNy treatment. A similar 
pattern of two different constitutive and inducible bands has been 
described for IDO expression by in other cell types (42). We and 
others have also shown that IDO can be expressed constitutively at 
the protein level (e.g., as with the higher molecular weight band) 



8 J. Thierry-Mieg et al. AceView: identification and functional annotation of cDNA- 
supported genes in higher organisms— Homo sapiens gene INDO, encoding indole- 
amine-pyrrole 2,3 dioxygenase. Available from http://wvnv.ncbi.nlm.nih.gov/IEB/ 
Research/Acembly. 



without necessarily showing enzymatic activity until activated 
(13, 43). In other experiments (data not shown), HeLa cells showed 
the same pattern of bands and the same response to IFNy, as did 
the monocyte-derived macrophages in Fig. 4A. 



Figure 4. Evidence for two possible isoforms of human IDO. A, human 
monocyte-derived macrophages were prepared as described (11), with or 
without IFN7 treatment for the final 24 h. Lysates were analyzed by Western blot 
using antibodies against the NH 2 -terminal portion of IDO, the COOH-terminal 
portion, or a mixture of the two antibodies. All blots were stripped and reprobed 
for p-actin (data not shown) to confirm even loading. B, macrophages, as above, 
were treated with or without IFN7, in the presence or absence of cycloheximide 
(10 ng/mL). P-Actin blots (data not shown) confirmed even loading. C, lysates 
of macrophages with and without IFN7 pretreatment were analyzed by 
two-dimensional electrophoresis, followed by Western blotting with the 
NH 2 -terminal-specific anti-IDO antibody. D, human monocyte-derived dendritic 
cells were cultured for 7 d as described in Materials and Methods, with or 
without addition of a maturation cocktail during the final 48 h. IFN7 was added 
during the last 24 h. Western blots were done as in (B), with the same blot 
stripped and reprobed for each anti-IDO antibody and the (i-actin loading control. 
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Figure 45 shows that expression of the IFN^-inducible (lower 
molecular weight, COOH-terminal) band was blocked by cyclohex- 
imide, suggesting that it represented a newly synthesized protein, 
rather than a posttranslational modification of the larger isoform. 
Although conventional Western blot analysis did not reveal any 
obvious change in the larger molecular weight (NH 2 -terminal) 
isoform in response to IFN7, two-dimensional Western blots 
(Fig. 4C) revealed that there was a significant IFN-y-induced shift in 
isoelectric point (up to 2 pH units). Thus, these data revealed that 
both forms of IDO were in fact IFN7 responsive, with the larger 
form appearing to undergo some IFN-induced posttranslational 
modification, whereas the smaller form seemed to be synthesized 
de novo. 

Regulation of IDO activity in dendritic cells is more complex 
than in macrophages, with multiple factors reported to influence 
both protein expression and enzymatic activity (17, 19). When we 
analyzed human monocyte-derived dendritic cells by Western 
blot (Fig. AD), there was significant up-regulation of the larger 
(NH 2 -terminal) isoform with dendritic cell maturation, whereas 
IFN7 treatment had no discernible effect on this band in dendritic 
cells. The smaller (COOH-terminal) isoform showed no expression 
in immature dendritic cells and was not inducible in dendritic cells 
by IFN7. However, the COOH-terminal isoform underwent marked 
up-regulation with dendritic cell maturation (again independent of 
IFN7). Thus, the regulation of the two IDO isoforms in dendritic 
cells was complex and differed from their regulation in macro- 
phages. However, the essential point was similar for dendritic cells: 
that more than one species of IDO was present, and that the 
pattern of expression was regulated by biologically relevant 
cytokine signals. 

Efficacy of the d isomer of 1-methyl-tryptophan in chemo- 
immunotherapy. Based on the superiority of the d isomer in 
supporting T-cell activation in vitro, we tested the d isomer of 
1-methyl-tryptophan in vivo using the B16F10 model. Established 
(day 7) B16F10 tumors were treated with cyclophosphamide plus 
D-l-methyl-tryptophan in a design similar to Fig. L4. However, in 
these studies, the dose of the u isomer was reduced 4-fold 
compared with the dose of the dl mixture used in Fig. L4, based on 
its superior efficacy in vitro. Even at the lower dose, D-l-methyl- 
tryptophan + cyclophosphamide showed significant growth delay 
compared with cyclophosphamide alone (Fig. 5A). Similar results 
were seen with a second chemotherapeutic agent gemcitabine 
(Fig. 55). Neither gemcitabine alone nor D-l-methyl-tryptophan 
alone had a significant effect on B16F10 tumor growth, but 
together, the combination produced a significant growth delay. 

D-l-methyl-tryptophan had no effect on B16F10 tumors when 
used as a single agent, but B16F10 is not a highly immunogenic 
tumor; we therefore asked whether D-l-methyl-tryptophan alone 
might show an effect if a more immunogenic tumor was used. 
B78H1-GM-CSF is a subline of B16 that has been transfected with 
granulocyte macrophage colony-stimulating factor (GM-CSF) to 
increase recruitment of APCs to the tumor and draining lymph 
nodes (44). The tumor is modestly immunogenic, although if 
implanted without irradiation, the tumors invariably grow and 
kill the host (45). In this somewhat more immunogenic model, 
D-l-methyl-tryptophan, as a single agent, was found to have a 
modest but reproducible and statistically significant effect on the 
growth (Fig. 5C, left). This modest antitumor effect was lost when 
the hosts were immunodeflcient Ragl-KO mice (Fig. 5C, middle), 
showing that the effect of D-l-methyl-tryptophan was immune 
mediated. Likewise, the effect of D-l-methyl-tryptophan was lost 



when the less immunogenic parental tumor (without GM-CSF) was 
used in place of B78H1-GM-CSF (Fig. 5C, right). Thus, D-l-methyl- 
tryptophan did show some modest effect as a single agent when 
used with an artificially immunogenic tumor. However, this was 
substantially less potent than the effect of 1-methyl-tryptophan in 
combination with chemotherapy. 

Comparison of d versus l isomers in chemo-immunother- 
apy. We next did side-by-side comparisons of the different iso- 
mers of 1-methyl-tryptophan in chemo-immunotherapy regimens. 
Figure 6A shows a comparison of D versus l versus dl forms of 
1-methyl-tryptophan in orthotopic 4Tl-luc tumors. Each 1-methyl- 
tryptophan preparation was given in combination with low-dose 
cyclophosphamide (25 mg/kg/dose by oral gavage once per week). 
Although minor effects were observed with the other combina- 
tions, only D-l-methyl-tryptophan with cyclophosphamide showed 
a statistically significant prolongation of survival relative to cyclo- 
phosphamide alone (for clarity, these two groups are re-graphed 
together in the second plot). A second, similar experiment showed 
the same results, reproducing the survival advantage of D-l-methyl- 
tryptophan over l- 1-methyl-tryptophan in combination with cyclo- 
phosphamide. 

Figure 65 compares the D versus l isomers of 1-methyl- 
tryptophan in the autochthonous MMTV-Afeu breast tumor model. 
Both isomers were delivered orally for 5 days, as in Fig. 2C, in 
combination with paclitaxel. In this model also, D-l-methyl- 
tryptophan was found to be superior to L-l-methyl-tryptophan 
(in these studies, the l isomer showed no effect compared with 
chemotherapy alone). 

Specificity of the d isomer for host IDO in vivo. Finally, 
one critical outstanding question was the target specificity of the 
D isomer in vivo. We had shown in Supplementary Fig. SI 
(Supplementary Material) that the d isomer of 1-methyl-trypto- 
phan specifically targeted the IDO gene in vitro. However, it was 
possible that in vivo, D-l-methyl-tryptophan might exert an 
antitumor effect via some other off-target mechanism. Figure 6C 
addresses this question by comparing tumors grown in wild-type 
(IDO sufficient) mice versus tumors grown in IDO-KO mice, each 
treated with cyclophosphamide + D-l-methyl-tryptophan. The 
tumors that grew in the IDO-KO hosts would, by definition, have 
been selected for their lack of dependence on IDO (i.e., they must 
necessarily be escape variants that could grow in the absence of 
IDO). Thus, if D-l-methyl-tryptophan truly targeted IDO, then treat- 
ing tumors grown in IDO-KO mice with D-l-methyl-tryptophan 
should have no effect on tumor growth; conversely, if D-l-methyl- 
tryptophan was not specific for IDO, then any off-target effects 
should be retained in the IDO-KO hosts. Figure 6C shows that 
tumors grown in IDO-KO mice became completely refractory to the 
effects of D-l-methyl-tryptophan, thus confirming that IDO was the 
target of D-l-methyl-tryptophan in vivo, as hypothesized. More 
specifically, these studies suggested that in this model, the relevant 
target for D-l-methyl-tryptophan was IDO expressed by host cells, 
rather than by tumor cells, because the tumor cells were the same 
in both cases. 



Discussion 

In the current study, we show significant differences in biological 
activity between the d and l stereoisomers of 1-methyl-tryptophan. 
The l isomer was superior at inhibiting activity of purified 
recombinant IDO enzyme in a cell-free assay and also at inhibiting 
IDO enzymatic activity in HeLa cells and other cell lines. In 
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Figure 5. Effect of parenteral D-1-methyl- 
tryptophan in the B16F10 model. A, mice 
with B16F10 tumors were treated in a 
design similar to Fig. \A, except using the d 
isomer of 1 -methyl-tryptophan at a 4-fold 
lower dose (5 mg/d by timed release 
pellets). Cyclophosphamide was given at 
150 mg/kg i.p. Three identical experiments 
were pooled and analyzed by ANOVA. 
*, P < 0.05. B, experimental design similar 
to {A), using gemcitabine 120 mg/kg i.p. on 
days 8, 11, 14, and 19 following B16F10 
tumor implantation. Three experiments 
were pooled and analyzed by ANOVA. 
*, P < 0.05. C, B78H1-GM-CSF tumors, or 
parental tumors without the GM-CSF 
transgene, were implanted as indicated. 
Beginning at the time of implantation, 
mice received 14-day pellets of 
r> 1-methyl-tryptophan (5 mg/d) or vehicle 
control. Left, three experiments were 
pooled and analyzed by ANOVA. 
*, P = 0.011. Middle, all hosts were 
Rag1-KO. Right, tumors lacked the 
GM-CSF transgene (neither of these 
groups showed significant 
differences). 




contrast, the d isomer was at least as effective as the l isomer at 
inhibiting IDO enzymatic activity expressed by human or mouse 
dendritic cells. Unexpectedly, the d isomer was found to be 
significantly superior to both the l form and the dl mixture when 
tested by the biologically important readout of T-cell activation in 
MLRs. In vivo, a head-to-head comparison of the antitumor effect 
of the two isomers showed that the d isomer was more effective 
than the l isomer, using two different tumors and different chemo- 
immunotherapy regimens. Thus, the in vitro superiority of the d 
isomer for enhancing T-cell activation in MLRs seemed to correctly 
predict the superior in vivo antitumor efficacy in the models tested, 
whereas the results of the cell-free enzyme assays did not. 

The superiority of the l isomer in the cell-free enzyme assay 
was expected from the literature (37). However, to our knowledge, 
no comparison of the two isomers of 1-methyl-tryptophan has 
been previously reported using assays based on intact cells. Such 
cell-based systems are important because different cell types may 
respond differently to the two isomers, as we have now shown. The 
molecular basis for these cell type-specific differences is not yet 
known. Possibilities include differential transport into or out of the 
cells, different subcellular compartmentalization of the inhibitors, 
or altered metabolism by cellular enzymes. It is also possible that 
there may be different isoforms of IDO (as could be suggested by 
our Western blot data), and these might have different sensitivities 
to the two isomers, although this is currently speculative. Finally, it 
may be that 1-methyl-tryptophan exerts some of its inhibitory 
effects on IDO not by competing directly for the catalytic site but 
by altering enzyme activity in another way that does not register in 
the cell-free enzyme assay. 



Others have also reported efficacy of the d isomer of 1-methyl- 
tryptophan for enhancing T-cell responses in vitro and in vivo 
(46, 47). Importantly, our data unambiguously showed that the 
T cell-enhancing effect of D-l-methyl-tryptophan in vitro was 
completely lost when APCs were derived from IDO-KO mice; and, 
likewise, the antitumor efficacy of D-l-methyl-tryptophan in vivo 
was lost when the tumor-bearing hosts were IDO-KO. Thus, the 
molecular target of D-l-methyl-tryptophan was indeed IDO, and 
the efficacy of D-l-methyl-tryptophan was not due to some off- 
target effect. This would also be consistent with recent studies 
using RNA-knock-down techniques, which concluded that the 
major molecular target of the DL-mixture of 1-methyl-tryptophan 
was IDO, rather than an off-target effect (48). 

One critical reason underlying the superior activity of the D 
isomer in vivo may be our observation that the l isomer seemed 
actively inhibitory for T-cell activation in MLRs. Both isomers were 
equally effective at blocking the enzymatic activity of IDO in MLRs 
(measured as kynurenine production in the supernatant); yet, 
the l isomer could not produce the same high levels of T-cell 
proliferation achieved by the d isomer. Revealingly, the dl mixture 
also proved less effective than the d isomer alone, suggesting that 
the presence of the l isomer actively inhibited T-cell proliferation. 
The nature of this inhibition is currently unknown. However, it did 
not seem to be due to a direct toxic effect of l- 1-methyl-tryptophan 
on the T cells themselves because T cells stimulated by mitogen 
(i.e., in the absence of IDO-expressing dendritic cells) were no longer 
affected by l- 1-methyl-tryptophan. This suggests that the off-target 
inhibitory effect of the l isomer might be due to a toxic effect of 
L-l-methyl-tryptophan on the IDO-expressing dendritic cell itself 
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(e.g., rendering it less able to present antigen to the T cells). Perhaps 
consistent with such an off-target effect on dendritic cells, it has 
recently been reported that exposure of dendritic cells in vitro to the 
DL-mixture of 1-methyl-tryptophan at 1,000 umol/L (much higher 
than the maximum concentration used in the current study) caused 
alteration in dendritic cell function, which did not seem related to 
the effect of dl- 1-methyl-tryptophan on IDO itself (49). Alternatively, 
the T cells might be sensitive to some metabolite of the l isomer 



generated by the dendritic cells. In either case, it seems that the 
D isomer of 1-methyl-tryptophan escaped this off-target inhibitory 
effect on T-cell activation, perhaps precisely because it was not the 
"natural" stereoisomer. 

Although the d isomer showed superior efficacy in our chemo- 
immunotherapy models, the l isomer proved better at inhibiting 
IDO in HeLa cells and in mouse tumor cell lines transfected with 
IDO. Thus, it may be that in certain biological contexts the l isomer 
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Figure 6. D-1-methyl-tryptophan provides greater survival benefit in combination therapy, in an IDO-dependent fashion. A, 4T1-luc orthotopic isografts were 
established in the mammary fat pad. Cyclophosphamide was given at 25 mg/kg orally once a week, and 1-methyl-tryptophan (d, l, or dl) given at 400 mg/kg by 
oral gavage twice daily, five times a week by gavage, beginning at the time of tumor implantation. Top, time to endpoint for all groups; bottom, only the 
cyclophosphamide versus cyclophosphamide + D-1-methyl-tryptophan groups, for clarity. The comparisons of interest were between d-1 -methyl-tryptophan + 
cyclophosphamide versus cyclophosphamide and l-1 -methyl-tryptophan + cyclophosphamide versus cyclophosphamide. Because survival data were not censored, 
groups were analyzed using a two-group Wilcoxon exact test; statistical significance was determined at P < 0.025. The combination of o-1 -methyl-tryptophan + 
cyclophosphamide showed a significant survival benefit over cyclophosphamide alone (P = 0.024), whereas l-1 -methyl-tryptophan + cyclophosphamide was 
not different from cyclophosphamide alone (P = 0.14). B, MMTV-Neu mice with tumors were treated for 2 wks as in Fig. 2B, receiving either vehicle alone, 
paclitaxel alone or paclitaxel (13.3 mg/kg q. MWF) plus oral d-1 -methyl-tryptophan or l-1 -methyl-tryptophan for 5 d, as indicated. For statistical analysis, the 
comparisons of interest were d-1 -methyl-tryptophan + paclitaxel versus paclitaxel alone and l-1 -methyl-tryptophan + paclitaxel versus paclitaxel alone. Significance 
was determined at P < 0.025 using a two-group Wilcoxon exact test. The fold change of the d-1 -methyl-tryptophan + paclitaxel group was significantly smaller than 
that of paclitaxel alone (P = 0.012), whereas paclitaxel + l-1 -methyl-tryptophan was not different from paclitaxel alone (P = 0.85). C, effects of the D isomer of 
1-methyl-tryptophan require an intact host IDO gene. B16F10 tumors were grown in either wild-type B6 hosts or IDO-KO hosts on the B6 background. All groups 
received cyclophosphamide, with or without oral D-1 -methyl-tryptophan (2 mg/mL in drinking water). Analysis by ANOVA showed that cyclophosphamide + 
D-1 -methyl-tryptophan was significantly different (*, P < 0.05) than cyclophosphamide alone for the wild-type hosts, but there was no effect of D-1 -methyl-tryptophan 
when tumors were grown in IDO-KO hosts. 
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might be preferable, whereas in other contexts, the d isomer is 
superior. This might become relevant where the target of 1-methyl- 
tryptophan is IDO expressed by the tumor cells themselves, 
rather than by host dendritic cells. However, the data from our 
in vitro T-cell activation models and from our in vivo chemo- 
immunotherapy models suggest that in these systems, the bene- 
ficial effect of the d isomer on T-cell activation is the key advantage, 
rendering the d isomer superior in these settings. Furthermore, 
based on the fact that efficacy of D-l-methyl-tryptophan was lost 
when the host mice were genetically deficient in IDO (Fig. 6C), our 
data suggest that the molecular target of D-l-methyl-tryptophan in 
our system was the IDO activity expressed specifically by host APCs, 
not by the tumor cells themselves. 

In the murine models used in this study, relatively high doses 
of 1-methyl-tryptophan were required to see an antitumor effect. 
However, this seems to represent a peculiarity of 1-methyl- 
tryptophan pharmacokinetics in mice. Preclinical pharmacology 
studies in both rats and canines (to be published elsewhere) show 
that these animals require significantly lower doses per kilogram 
to achieve plasma levels in the same range. These lower doses 
should be readily achievable clinically. 

The combination of 1-methyl-tryptophan with chemotherapy 
(cyclophosphamide, paclitaxel or gemcitabine) was more potent 
against established tumors than either 1-methyl-tryptophan or 
chemotherapy alone. Regimens featuring chemotherapy plus 
immunotherapy are receiving increasing attention (34, 35). In part, 
this is because they are readily applicable in the clinic because 
patients do not have to be denied standard chemotherapeutic 
agents to receive immunotherapy. In addition, there is a sound 
mechanistic rationale underlying combined chemo-immunother- 
apy. Chemotherapy causes death of tumor cells, thus releasing 
tumor antigens into the host antigen-presentation pathway (34). 



In addition, certain chemotherapy drugs seem to decrease the 
number and activity of regulatory T cells (50, 51), which may assist 
the immunotherapy regimens in breaking tolerance to tumor 
antigens. Finally, the recovery phase from chemotherapy-induced 
lymphopenia seems to constitute a favorable window for reacti- 
vating previously tolerized T cells (41). However, despite these 
effects, chemotherapy alone does not elicit an effective antitumor 
immune response. We hypothesize that one reason for this failure 
is because the antigens released by chemotherapy are presented 
first in the tumor-draining lymph nodes. We and others have 
previously shown that tumor-draining lymph nodes are a highly 
tolerogenic microenvironment (52), due at least in part to the 
presence of IDO-expressing APCs (22, 25). Thus, IDO + host APCs 
may play an important pathogenic role in helping the tumor 
re-establish immunologic tolerance toward itself after it is 
disrupted by chemotherapy. Based on our current data, we 
hypothesize that the addition of an IDO inhibitor drug during this 
post-chemotherapy period may allow the tumor-bearing host to 
mount an effective immune response to tumor antigens during this 
post-chemotherapy window of opportunity. 



Acknowledgments 

Received 8/7/2006; revised 10/11/2006; accepted 10/25/2006. 

Grant support: NIH grants CA103320 (D.H. Munn), CA096651 (D.H. Munn), 
CA112431 (D.H. Munn), and CAI09542 (G.C. Prendergast); Department of Defense 
Breast Cancer Research Program grants BC021133 (G.C. Prendergast) and BC044350 
(A.J. Muller); and State of Pennsylvania Department of Health CURE/Tobacco 
Settlement Award (A.J. Muller). 

The costs of publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked advertisement in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

We thank Anita Wylds, Jingping Sun, Judy Gregory, Anita Sharma, Jie Huang, Erika 
Sutanto-Ward, and P. Scott Donover for expert technical assistance. 



References 

1. Munn DH, Zhou M, Attwood JT, et al. Prevention of 
allogeneic fetal rejection by tryptophan catabolism. 
Science 1998;281:1191-3. 

2. Gurtner GJ, Newberry RD, Schloemann SR, McDonald 
KG, Stenson WF. Inhibition of indoleamine 2,3-dioxy- 
genase augments trinitrobenzene sulfonic acid colitis in 
mice. Gastroenterology 2003;125:1762-73. 

3. Kwidzinski E, Bunse J, Aktas O, et al. Indolamine 2,3- 
dioxygenase is expressed in the CNS and down-regulates 
autoimmune inflammation. FASEB J 2005;19:1347-9. 

4. Hayashi T, Beck L, Rossetto C, et al. Inhibition of 
experimental asthma by indoleamine 2,3-dioxygenase. 
J Clin Invest 2004;114:270-9. 

5. Grohmann U, Fallarino F, Bianchi R, et al. A defect in 
tryptophan catabolism impairs tolerance in nonobese 
iiab nic JExj led 200 198:153-60. 

6. Grohmann U, Orabona C, Fallarino F, et al. CTLA-4-Ig 
regulates tryptophan catabolism in vivo. Nat Immunol 
2002;3:1097-101. 

7. Swanson KA, Zheng Y, Heidler KM, Mizobuchi T, 
Wilkes DS. CDlIc* cells modulate pulmonary immune 
responses by production of indoleamine 2,3-dioxyge- 
nase. Am J Respir Cell Mol Biol 2004;30:311-8. 

8. Uyttenhove C, Pilotte L, Theate I, et al. Evidence for a 
tumoral immune resistance mechanism based on tryp- 
tophan degradation by indoleamine 2,3-dioxygenase. 
Nat Med 2003:9:1269-74. 

9. Okamoto A, Nikaido T, Ochiai K, et al. Indoleamine 
2,3-dioxygenase serves as a marker of poor prognosis in 

Clin Cancer Res 2005;11:6030-9. 



Prognostic value of indoleamine 2,3-dioxygenase ex- 
pression in colorectal cancer: effect on tumor-infiltrat- 
ing T cells. Clin Cancer Res 2006;12:1144-51. 

11. Munn DH, Shafizadeh E, Attwood JT, Bondarev I, 
Pashine A, Mellor AL. Inhibition of T cell proliferation by 
macrophage tryptophan catabolism. J Exp Med 1999; 
189:1363-72. 

12. Hwu P, Du MX, Lapointe R, Do M, Taylor MW, Young 
HA, Indoleamine 2,3-dioxygenase production by human 
dendritic cells results in the inhibition of T cell 
proliferation. J Immunol 2000;164:3596-9. 

13. Munn DH, Sharma MD, tee JR, et al. Potential 
regulatory function of human dendritic cells expressing 
indoleamine 2,3-dioxygenase. Science 2002;297:1867-70. 

14. Munn DH, Sharma MD, Mellor AL. Ligation of B7-1/ 
B7-2 by human CD4* T cells triggers indoleamine 2,3- 
dioxygenase activity in dendritic cells. J Immunol 2004; 
172:4100-10. 

15. Tan PH, Beutelspacher SC, Xue SA, et al. Modulation 
of human dendritic-cell function following transduction 
with viral vectors: implications for gene therapy. Blood 
2005;105:3824-32. 

16. Tan PH, Yates JB. Xue SA, et al. Creation of 
tolerogenic human DC via intracellular CTLA4: a novel 
strategy with potential in clinical immunosuppression. 
Blood 2005;106:2936-43. 

17. Braun D, Longman RS, Albert ML. A two step 
induction of indoleamine 2,3 dioxygenase (IDO) activity 
during dendritic cell maturation. Blood 2005;106: 
2375-81. 

18. Vacca C, Fallarino F, Perruccio K et al. CD40 ligation 
prevents onset of tolerogenic properties in human 
dendritic cells treated with CTLA-4-Ig, Microbes Infect 
2005;7:1040-8. 



19. Orabona C, Puccetti P, Vacca C, et al. Toward the 
identification of a tolerogenic signature in IDO-compe- 
tent dendritic cells. Blood 2006;107:2846-54. 

20. Grohmann U, Fallarino F, Bianchi R, et al. IL-6 
inhibits the tolerogenic function of CD8a(+) dendritic 
cells expressing indoleamine 2,3-dioxygenase. J Immu- 
nol 2001;167:708-14. 

21. Mellor AL, Chandler P, Baban B, et al. Specific subsets 
of murine dendritic cells acquire potent T cell regulatory 
functions following CTLA4-mediated induction of indo- 
leamine 2,3 dioxygenase. Int Immunol 2004;16:1391-401. 

22. Munn DH, Sharma MD, Hou D, et al. Expression of 
indoleamine 2,3-dioxygenase by plasmacytoid dendritic 
cells in tumor-draining lymph nodes. J Clin Invest 2004; 
114:280-90. 

23. Baban B, Hansen A, Chandler P, et al. A minor 
population of splenic dendritic cells expressing CD19 
mediates IDO-dependent T cell suppression via type 1 
interferon-signaling following B7 ligation. Int Immunol 
2005;17:909-19. 

24. Mellor AL, Baban B, Chandler PR, Manlapat A, Kahler 
DJ, Munn DH. Cutting edge: CpG oligonucleotides 
induce splenic CD 19* dendritic cells to acquire potent 
indoleamine 2,3-dioxygenase-dependent T cell regulato- 
ry functions via IFN type 1 signaling. J Immunol 2005; 
175:5601-5. 

25. Munn DH, Sharma MD, Baban B, et al. GCN2 kinase 
in T cells mediates proliferative arrest and anergy 
induction in response to indoleamine 2,3-dioxygenase. 
Immunity 2005;22:633-42. 

26. Lee JR, Dalton RR, Messina JL, et al. Pattern of 
recruitment of immunoregulatory antigen presenting 
cells in malignant melanoma. Lab Invest 2003;83: 
1457-66. 



Cancer Res 2007; 67: (2). January 15, 2007 



800 



www.aacrjournals.org 



Inhibition of IDO by p-1-Methyl-Tryptophan 



27. von Bergwelt-Baildon MS, Popov A, Saric T, et al. 
CD25 and indoleamine 2,3-dioxygenase are up-regulated 
by prostaglandin E2 and expressed by tumor-associated 
dendritic cells in vivo: additional mechanisms of T-cell 
inhibition. Blood 2006;108:228-37. 

28. Lee JH, Torisu-Itakara H, Cochran AJ, et al. Quanti- 
tative analysis of melanoma-induced cytokine-mediated 
immunosuppression in melanoma sentinel nodes. Clin 
Cancer Res 2005;11:107-12. 

29. Muller AJ, Malachowski WP, Prendergast GC. Indole- 
amine 2,3-dioxygenase in cancer: targeting pathological 
immune tolerance with small-molecule inhibitors. 
Expert Opin Ther Targets 2005;9:831-49. 

30. Cady SG, Sono M. l-methyl-Di,-tryptophan, b-(3- 
Benzofuranyl)-DL-alanine (the oxygen analog of trypto- 
phan), and b-[3-benzo(b)thienyl]-DL-alanine (the sulfur 
analog of tryptophan) are competitive inhibitors for 
indoleamine 2,3-dioxygenase. Arch Biochem Biophys 
1991;291:326-33. 

31. Mellor A, Munn DH. IDO expression by dendritic 
cells: tolerance and tryptophan catabolism. Nat Rev 
Immunol 2004;4:762-74. 

32. Munn DH. Indoleamine 2,3-dioxygenase, tumor- 
induced tolerance and counter-regulation. Curr Opin 
Immunol 2006;18:220-5. 

33. Muller AJ, DuhadawayJB, Donover PS, Sutanto-Ward 
E, Prendergast GC. Inhibition of indoleamine 2,3- 
dioxygenase, an immunoreguiatory target of the cancer 
suppression gene Binl, potentiates cancer chemother- 
apy. Nat Med 2005;11:312-9. 

34. Lake RA, Robinson BW. Immunotherapy and che- 

2005;5:397-405. 

35. Klebanoff CA, Khong HT, Antony PA, Palmer DC, 
tif i i itssors and antigen presenters: 



how lymphodepletion enhances T cell-mediated tumor 
immunotherapy. Trends Immunol 2005;26:111-7. 

36. Muller AJ, Prendergast GC. Marrying immunotherapy 
with chemotherapy: why say IDO? Cancer Res 2005;65: 
8065-8. 

37. Peterson AC, Migawa MT, Martin MJ, et al. Evaluation 
of functionalized tryptophan derivatives and related 
compounds as competitive inhibitors of indoleamine 
2,3-dioxygenase. Med Chem Res 1994;3:531-44. 

38. Huang AY, Golumbek P, Ahmadzadeh M, Jaffee E, 
Pardoll D, Levitsky H. Role of bone marrow-derived cells 
in presenting MHC class I-restricted tumor antigens. 
Science 1994;264:961-5. 

39. Aslakson CJ, Miller FR. Selective events in the 
metastatic process defined by analysis of the sequential 
dissemination of subpopulations of a mouse mammary 
tumor. Cancer Res 1992;52:1399-405. 

40. Pulaski B, Ostrand-Rosenberg S. Mouse 4T1 breast 
tumor model. In: Coligan J. Kruisbeek A, Margulies D, 
Shevach E, Strober W, editors. Current protocols in 
immunology. New York: John Wiley & Sons; 2000. p. 
20.2.1-.2.16. 

41. Dummer W, Niethammer AG, Baccala R, et al. T cell 
homeostatic proliferation elicits effective antitumor 
autoimmunity. J Clin Invest 2002;110:185-92. 

42. Odemuyiwa SO, Ghahary A, Li Y, et al. Cutting Edge: 
human eosinophils regulate T cell subset selection 
through indoleamine 2,3-dioxygenase. J Immunol 2004; 

43. Fallarino F, Vacca C, Orabona C, et al. Functional 
expression of indoleamine 2,3-dioxygenase by murine 
CD8a(+) dendritic cells. Int Immunol 2002;14:65-8. 

44. Borrello I, Sotomayor EM, Cooke S, Levitsky HI. A 
universal granulocyte-macrophage colony-stimulating 
factor-producing bystander cell line for use in the 



formulation of autologous tumor cell-based vaccines. 
Hum Gene Ther 1999;10:1983-91. 

45. Bronte V, Chappell DB, Apolloni E, et al. Unopposed 
production of granulocyte-macrophage colony-stimulat- 
ing factor by tumors inhibits CD8* T cell responses by 
dysregulating antigen-presenting cell maturation. J 
Immunol 1999;162:5728-37. 

46. Rutella S, Bonanno G, Procoli A, et al. Hepatocyte 
growth factor favors monocyte differentiation into 
regulatory interleukin (IL)-10++IL-121ow/neg accessory 
cells with dendritic-cell features. Blood 2006;108:218-27. 

47. Potula R, Poluektova L, Knipe B, et al. Inhibition of 
Indoleamine 2,3-dioxygenase (IDO) enhances elimina- 

HIV-1 encephalitis. Blood 2005;106:2382-90. 

48. Belladonna ML, Grohmann U, Guidetti P, et al. 
Kynurenine pathway enzymes in dendritic cells initiate 
tolerogenesis in the absence of functional IDO. J 
Immunol 2006;177:130-7. 

49. Agaugue S, Perrin-Cocon L, Coutant F, Andre P, 
Lotteau V. 1-methyl-tryptophan can interfere with TLR 
signaling in dendritic cells independently of IDO 
activity. J Immunol 2006;177:2061-71. 

50. Ghiringhelli F, Larmonier N, Schmitt E, et al. 
CD4*CD25* regulatory T cells suppress tumor immunity 
but are sensitive to cyclophosphamide which allows 
immunotherapy of established tumors to be curative. 
Eur J Immunol 2004;34:336-44. 

51. Lutsiak ME, Semnani RT, De Pascalis R, Kashmiri SV, 
Schlom J, Sabzevari H. Inhibition of CD4*25* T regulatory 
cell function implicated in enhanced immune response 
by low-dose cyclophosphamide. Blood 2005;105:2862-8. 

52. Munn DH, Mellor AL. The tumor-draining lymph 
node as an immune-privileged site. Immunol Rev 2006; 
213:146-58. 



www.aacrjournals.org 



801 



Cancer Res 2007; 67: (2). January 15, 2007 



